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The increased operation of aged ships has taken a toll on vessel fleets 
worldwide. It has thus been recognized that the commonly-used form of risk 
estimation, the probability of failure, adequate for initial ship design may no longer be 
suitable for the assessment of remaining life. This is mainly because of the large 
variation in uncertainties associated with structural capacity and demand over the life-
span of a vessel. 
 
The concept of level of confidence based on the cumulative distribution 
function is therefore proposed to quantify these changes in uncertainties. Its main 
advantage is that it is not necessary to know the analytical equation of the probability 
density function of any input parameters. It is sufficient only to perform numerical 
analysis using a sufficiently large data set of input parameters at several characteristic 
values or percentiles. This is important especially since many variables in ship design 
do not have known or well-established analytical equations for their probability density 
functions.  
 
By incorporating the concept into finite element modeling, it allows more 
realistic strength analysis of old vessels, especially its local strength in the hull 
structure. Hence, the predominantly empirical Renewal Criteria of Classification 
Societies will be enhanced (and possibly changed) with results obtained using such 
powerful tool as the FEM. The technological gap between the strength calculations for 
new design and old vessel will be significantly reduced. The overall procedure is fast 




methods such as Monte Carlo simulation, Taylor series expansion, etc. without 
compromising its accuracy. 
 
The limitation of the proposed concept stems from its principle assumption that 
the level of confidence of the result follows that of its input parameters when all input 
parameters are using the same level of confidence. This is valid for linear 
dependencies only whereas strength analysis is often highly non-linear. However the 
method can still be used as a first approximation in such cases, so as to better our 
understanding of the non-linear problems in the future. 
 
This report consists of the following discussions and analyses: 
• The definition of the concept of level of confidence 
• Ultimate strength analysis of stiffened panels using non-linear FEM taking into 
account corrosion effects 
• Stillwater and wave-induced loads 
• Reliability analysis performed on the deck panels of a sample single hull tanker 
 
One important area of application of the proposed procedure is in assessing the 
reliability of old vessels using finite element analysis. Demonstration shows that this is 
promising because it is able to provide designers and owners a more qualitative 
indication of the reliability of ships near or even beyond their intended design life.  
 
 
Keywords: Aging vessel, Corrosion wear, Finite element analysis, Level of confidence,    







α factor to take into account the effects of reduced stiffness of buckled plates 
(refer to Appendix A) 
 
B ship breadth 
L ship length 
SM section modulus 
 
Material Properties 
E Young’s modulus 
fy yield stress of plate panel 
v Poisson’s ratio 
 
Corrosion 
δ constant maximum corrosion rate in Phase III of corrosion wear 
Dx variance of random variable x 
t0 initial thickness of non-corroded plate 
tT equivalent uniform thickness of the corroded plate after T years of exposure 
T1 time taken for Phase I of corrosion wear 
T2 time taken for Phase I + Phase II of corrosion wear 
wII corrosion wastage occurring in Phase II of corrosion wear 






ix∆  Initial imperfection taking into account the ith mode shape 
φi ith mode shape 
wi scale factor for ith mode shape 
 
Forces and Loads 
cB block coefficient 
cw wave coefficient 
hW shape parameter 
k number of occurrences of MW during the reference design period 
MS stillwater bending moment 
MW wave-induced bending moment 
Mt total bending moment (= MS + MW) 
Mu ultimate bending moment 
ψS, ψW   load combination factors 
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M u  
T0 reference design period 






∧α  sensitivity coefficient of basic variable 
β reliability index 
C structural capacity 
D loading demand 
g(X) limit state function 
µC mean capacity 
µD mean demand 
xC, xD partial safety factors of capacity or demand 
Pf probability of failure or risk 
Pr reliability (= 1 – Pf) 
λ intensity of failure 
f(x) probability density function of x 
F(x) cumulative distribution function of x 
Φ(u) standard normal distribution function of u 
τ longevity of ship structure 
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CHAPTER 1: INTRODUCTION  
1.1 Background 
Stiffened-plated structures are the fundamental building blocks in the 
construction of ships. Unfortunately, the increased pressure for continued economical 
operation of aged vessels has extended their service lives towards their safety limits 
they were originally designed for. As a result, there have been increasing casualties of 
aging vessels (Figure 1.1) during the last decade due to age-related degradations such 
as corrosion and fatigue. Therefore, it is recognized that the current strength estimation 
tools adequate for initial design may no longer be suitable for the assessment of 















In the design and operation of ship structures, there are many uncertainties that 
must be accounted for. Whenever uncertainties exist, a risk of failure is inevitable. For 
the purpose of this study, the risk of failure may be defined as the probability that the 
load-carrying capacity of the structure is smaller than the loads it is being subjected to. 
In order to minimize and/or prevent loss of life and other financial losses caused by 
ship structural casualties, it is of paramount importance to keep the structure’s 
reliability within an acceptable level throughout its operational life. 
 
Time-dependent reliability analysis provides a measure of the safety probability 
of a structure as it ages with time. It is easy to understand that the reliability of a vessel 
without maintenance decreases with age. Therefore risk and reliability approaches are 
increasingly popular with designers and owners as they give them a qualitative 
indication of the sea-worthiness of their vessel at any point of their design life.  
 
Traditionally, evaluation of stiffened panels was carried out using simplified 
analytical models that define the various failure modes for the panel configurations. 
With the advent of more sophisticated analytical techniques such as the finite element 
method, more realistic assessments in a manner that is more compatible with the true 
physical failure mechanisms are possible. However, the application of such numerical 
techniques has generally not been conducted in a framework that rationally and 
systematically accounts for the uncertainties in the governing parameters. Furthermore, 
these advanced techniques require data that reflects the structural condition of ships in 
service. The scarcity of such information has long been a road block to the application 





1.2 Research objective 
While probabilistic approach to structural strength is now reasonably well 
handled by techniques developed in structural engineering, the local strength in terms 
of corrosion failure has not. This study is motivated by the desire to build up a finite 
element model so as to develop the capability to quantify the reliability of corroded 
stiffened panels with any required level of confidence. 
 
1.3 Scope of investigation 
The information necessary to perform reliability analysis includes the 
probabilistic characteristics of time-varying effects such as corrosion, structural 
strength, loading, etc. Figure 1.2 shows a typical procedure in conducting stochastic 


















Figure 1.2: Time-dependent reliability flowchart for first-passage failure modes 
 
This study will attempt to demonstrate a new methodology using the above 
procedure as an example. There are various kinds of failure modes possible (such as 
ultimate, buckling, fatigue, fracture, etc.) and each mode may or may not occur in 
isolation. For the sake of simplicity, this study assumes that the structure fails when its 
ultimate strength is reached and that each failure mode can be treated independently 
from the rest. Finite element analysis will be performed using a commercial FEA 





of hull Structure 
Loadings: 
-environmental conditions 
-ship operational profile 
2Failure modes 
e.g. Ultimate stress 
1Mechanical 




each failure mode 
1data for time-varying effects of 
mechanical properties are not yet available 
2assuming that the failure modes are 
statistically independent 
Bending stress 




1.4 Report organization 
 Chapter 2 seeks to define and establish the concept of level of confidence and 
its applications in strength assessment as well as time-dependent reliability analysis. 
The advantages and limitations of the proposed methodology are also spelt out. 
 
 Chapter 3 introduces corrosion as the main age-related degradation agent. 
Various corrosion wastage databases are given as examples on the work that have been 
done in this area. The corrosion model that this study will adopt is also described in 
detail. 
 
 Chapter 4 discusses the ultimate strength of stiffened panels in compression. A 
literature review of some of the common codes is provided. ANSYS has been used to 
perform finite element analysis and its accuracy verified against experimental results 
obtained from the literature. A sensitivity analysis of some selected input parameters 
affecting the ultimate strength is conducted. 
 
 Chapter 5 describes two main forms of load experienced by the deck structure, 
namely stillwater load and wave-induced load. The rule requirements on each of these 
loads and their statistical models are specified. 
 
 Chapter 6 provides the fundamental theories governing reliability analysis. The 
long-term time-dependent failure probability is used as the key indicator of the 





 Chapter 7 demonstrates the proposed methodology using a sample single hull 
tanker. Data and findings from the previous chapters are employed in the sample 
calculations. The final results are then compared with available data to verify the 
methodology’s validity. 
 
 Chapter 8 concludes with a summary of the report and some recommendations 
for future study. 
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CHAPTER 2: A NEW METHODOLOGY 
In almost all daily engineering analyses, we use input parameters (e.g. loads, 
geometric properties, etc.) with different levels of uncertainties. Naturally, the level of 
uncertainty of the result (e.g. stresses) obtained from a combination of input 
parameters with different levels of uncertainties is unknown. However, the knowledge 
of the level of uncertainty of the results is critical in performing reliability assessments 
of any kind.  
 
In cases where the probability density functions of all input parameters are 
known, one can usually determine the probability density function of the result using 
the laws of statistical combination of random variables. However, these laws are valid 
only for relatively simple operations and are not suitable for more complex problems 
such as non-linear finite element analysis of ultimate strength. In addition, and perhaps 
more importantly, many input parameters (e.g. corrosion wear) may not follow any 
known or standard probability density function at all. Ivanov (2003) proposed an 
approximate method that may be used in practice to determine the level of uncertainty 
of the result using the concept of level of confidence. 
 
2.1 Concept of level of confidence 
The level of confidence (LOC) associated with a particular variable gives an 
indication of the likelihood of the actual real-life value exceeding or not exceeding the 
assumed value. The concept is strongly related (but not necessarily equal) to the 
cumulative distribution function (CDF) of the random variable. It may be equal to the 
CDF or (100 – CDF) depending on what variable one is talking about. In order to 
A New Methodology 
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avoid confusion and maintain consistency with current practice, this study adopts the 
convention of conservative design (i.e. consideration of the worst possible scenario so 
that the design will least likely result in failure in real life). 
 
Take for instance an initial plate thickness of 15.5 mm corresponding to the 5th 
percentile on its cumulative distribution. This means that if the designer assumes the 
initial plate thickness to be 15.5 mm, there is 95% probability that the actual plate 
thickness exceeds the assumed value. If the assumed initial thickness is indeed less 
than the actual value, then the design is a conservative design. Therefore, the level of 
confidence associated with assuming an initial thickness of 15.5 mm is 95%, or 
 
LOC = 100 – CDF (%)             (2.1a) 
 
Now, consider the example of corrosion wear. If it is known that a corrosion 
wear of 1.5 mm corresponds to the 95th percentile on its cumulative distribution, then 
assuming a corrosion wear of 1.5 mm will have 95% probability that the actual 
corrosion wear will not exceed the assumed value. However, if the assumed corrosion 
wear is indeed greater than the actual value, then the design is a conservative design. 
As such, the level of confidence associated with assuming a corrosion wear of 1.5 mm 
is 95%, or 
 
LOC = CDF (%)             (2.1b) 
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Correspondingly, when a linear operation (such as a simple subtraction) is 
performed on the input parameters having the same level of confidence, the result can 
be assumed to have the same level of confidence as its input parameters. That is the 
corroded plate thickness in the example given above is 14.0 mm and has a level of 
confidence of 95% (or there is 95% probability that the assumed corroded thickness 
will be exceeded in real life). This assumption is valid for cases of linear dependency. 
For cases of non-linearity (such as strength assessment using finite element analysis), 
the assumption may be adequate only as a first approximation. 
 
As can be seen, this procedure is based on the percentiles of the input 
parameter. The percentiles can be calculated either from the analytical equation of the 
probability density functions of the input parameters (if available) or from the 
statistical analysis of a sample of data measurements. However, most of the time, 
many parameters used in the design of ships are found to exhibit a high level of 
variability which do not seem to fit any standard probability density function. 
Therefore, this proposed method is still applicable as long as a sufficiently large and 
reliable database of the random variables is available for statistical analyses to be 
carried out. 
 
2.2 Application in strength assessment using finite element analysis 
The finite element method is widely used in the shipbuilding industry. Since it 
requires a lot of detailed structural information, it is usually applied for strength 
analysis of new designs only. The required structural information, such as member 
thickness, material yield stress, Young’s modulus and initial imperfection, can be 
readily obtained from the drawings with a high level of accuracy. This is because their 
A New Methodology 
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statistical properties at the time of construction have been widely investigated and are 
found to be relatively consistent. 
 
Unfortunately, the same cannot be said for the structural properties of aging 
vessels since the effects of corrosion are highly variable. Hence, the next best 
alternative is to incorporate probabilistic methods into FEA in order to take into 
account uncertainties in old ships. The proposed concept of level of confidence allows 
the determination of the strength of aging vessels with any desired level of confidence.  
 
If the same n% level of confidence for every input parameter is used to build 
the FEM model, then the resulting model for a corresponding ship’s age is assumed to 
have approximately the same n% level of confidence. This assumption may be 
adequate only as a first approximation since finite element analysis is a complex non-
linear problem. However, its convenience and simplicity sufficiently outweighs the 
benefits of more accurate but time-consuming methods such as Monte Carlo 
simulations.  By changing the value of n, one can build up several FEM models with 
any desired level of confidence.  
 
Consequently, when the same procedure is applied repeatedly for every ship’s 
age, one can construct a family of curves that tracks the decrease in ultimate strength 
with time for a range of level of confidence. The same level of confidence as those 
parameters used in new design may be used to estimate the ultimate strength of the 
aged vessel, thus ensuring that the same risk of failure as the new design is 
incorporated in the structure of the old ship. 
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2.3 Application in time-dependent reliability 
Reliability theory has been slowly gaining acceptance in the naval architecture 
profession over the last 2 decades because of the possibility of incorporating 
uncertainty variables in new design. There are, however, pressing needs for it to be 
applied to in-service reliability assessment of aging ships. One of the frequent causes 
of marine casualties is the inability of aging ships to withstand rough ocean 
environment due to their reduced structural safety becoming inadequate at a later life. 
In the maintenance and operation of ship structures, it may no longer be adequate to 
consider the uncertainties determined at the time of construction. It is therefore 
important to establish the reliability of a vessel at any year in order for the result to be 
useful to the owner. 
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As shown in the figure above, the hull girder must withstand a demand, 
represented by a combination of moment-induced stresses caused by (a) random wave 
loads MW(t) and (b) cargo weight and distribution MS(t). It can be safely assumed that, 
since there is a safety margin (defined as the difference between capacity and demand) 
incorporated into its initial design, the probability of failure in the first few years of 
operation is approximately zero. However, during the ship’s service life, deterioration 
in the form of metal corrosion reduces the structural capacity until the point where 
demand exceeds capacity. Failure is then said to have occurred. However, because 
uncertainties associated with demand and capacity increases with time, the exact point 
of failure cannot be determined with absolute certainty but only with estimated levels 
of confidence 
 
The underlying principle in establishing the level of confidence at any time is 
essentially the same as that for determining the as-built uncertainties. However, the 
difficulty is in modeling the capacity and demand at every year other than at T = 0. 
This is because there is not a lot of data on geometric and mechanical properties that is 
collected on an annual basis. Hence our understanding of how the uncertainties change 
over time is meager. This study is made possible because of the large database on 




CHAPTER 3: CORROSION 
Age-related structural degradations, such as corrosion, affect the structural 
strength of ships. It is thus necessary to estimate the extent of corrosion wear on 
structural members.  
 
3.1 Corrosion wastage databases for tankers 
Risk and reliability approaches are more and more frequently applied in design 
and maintenance planning of ship structures. However, these advanced approaches 
require reliable data reflecting the structural condition of ships in service, and such 
data is usually scarce. A new corrosion wastage database was recently built at ABS 
involving single hull tankers (Wang et al., 2003, a & b). Most of the ships are still in 
service. Table 3-1 summarizes some of the main details of the database compared to 
others that have been introduced. 
 
Table 3-1:  Main details of corrosion wastage databases for tankers 
 Wang et al. (2003, a & b) 
TSCF 
(1992) 
Harada et al. 
(2001) 
Paik et al. 
(2003) 
Ship type Single hull tankers 
Data sources SafeHull Condition Assessment Owner, class Gauging records Gauging reports 
Vessels 140 52 197 >100 
Gauging reports 157 Not known 346 Not known 
Measurements 110,082 Not known > 250,000 33,820 
Hull strength info. Yes, 599 sections No No No 
Ship size 168 ~ 401 meters > 150, 000 DWT 100 ~ 400 meters Not known 
Service years 12 ~ 26, 32 years ~ 25 years ~ 23 years 12 ~ 26 years 
Class ABS, LR, NK, DnV, KR ABS, DnV, LR, NK NK KR, ABS 
Ship built Mostly 1970’s, some 1980’s 1960s ~ 1980s Not known Not known 





Wastage due to corrosion is calculated as the difference between the as-built 
thickness and the measured residual thickness. These measurements are relevant to 
general corrosion where the plates are assumed to be uniformly wasted. Pitting and 
grooving are generally not fully reflected. These databases can also be used in many 
other aspects, such as: 
 
i. Design requirements for plate renewal 
Classification Societies have set safety standards requiring that structural 
scantlings of ships be designed with a certain allowance for corrosion wastage. During 
periodic surveys and inspections of ships in service, wasted plates are recommended to 
be replaced according to the defined criteria allowance. To a large extent, the relevant 
requirements for these criteria were empirically derived from experience because there 
is very limited data and a quantitative assessment is nearly impossible. The corrosion 
wastage database in Wang et al. (2003, a & b) has extensive data, which makes it 
possible to quantitatively evaluate corrosion in oil tankers.  
 
ii. Time-variant reliability approach 
One of main advantages in structural reliability analysis is the recognition of 
inherent uncertainties in random variables. There is a need to estimate the reliability of 
a structure over its lifetime while taking into account inspections and repairs. Time-
variant reliability is a more refined approach that explicitly addresses the effects of 
corrosion wastage on the structural integrity of ships. One of the keys to the successful 
application of the time-variant reliability approach is the prediction of corrosion 





iii. Risk-based inspection planning schemes 
One of the main objectives of inspections is to detect defects of any kind, and 
remedy the situation before the defect develops into an unwanted event, for example, 
loss of containment or failure of structures. Inspections can possibly be conducted in a 
smarter way if the likely situations can be predicted in advance, and the associated 
risks properly assessed.  Since corrosion wastage is the number one cause of marine 
casualties in old ships, predicting corrosion wastage over a ship’s life is very 
important. The database can provide the foundation to evaluate the risk due to 
corrosion damage and can help to determine inspection planning.  
 
3.2 Corrosion rates 
The high variability expected in corrosion wastage of structural members 
requires proper consideration of its uncertainties. Therefore, a probabilistic 
presentation may be preferable. 
 
3.2.1 Observed corrosion rates in tankers 
Wastage measurements can be categorized according to location and storage 
space in a vessel’s cross-section as shown in Table 3-2. In line with classification rules 
for new construction designs, 2 usage spaces are considered, i.e., cargo and ballast 








Table 3-2: Estimated corrosion rate for various structural members in tankers 
(unit: mm/year) 






Loseth et al. 
(1994) 
(single hull) 
Loseth et al. 
(1994) 
(double hull) Structure Tank 
Mean Deviation Mean Mean Deviation Mean Deviation
Cargo 0.066 0.069 0.03 – 0.10 0.10 0.03 0.10 0.03 Dk pl 
Ballast 0.055 0.042 0.10 – 0.50 0.30 0.08 - - 
Cargo 0.055 0.055 0.03 – 0.10 0.08 0.03 0.08 0.03 Dk long web 
Ballast 0.047 0.051 0.25 – 1.00 0.20 0.08 - - 
Cargo 0.037 0.030 - 0.10 0.03 0.10 0.03 Dk long fl 
Ballast 0.044 0.041 - 0.30 0.08 - - 
Dk stringer pl - - - - - 0.30 0.08 
Dk stringer long 
web - - - - - 0.20 0.04 
Dk stringer long fl 
Ballast 
- - - - - 0.30 0.08 
Cargo 0.044 0.046 0.03 - - Side shell 
Ballast 0.043 0.038 0.06 – 0.10
0.30 0.04 
0.30 0.04 
Cargo 0.040 0.034 0.03 - - Side long web 
Ballast 0.042 0.042 0.10 – 0.25
0.35 0.04 
0.35 0.04 
Cargo 0.033 0.021 - - - Side long fl 
Ballast 0.032 0.030 - 
0.30 0.04 
0.30 0.04 
Inner hull pl - - - - - 0.20 0.04 
Inner hull long fl - - - - - 0.35 0.04 
Inner hull long web 
Ballast 
- - - - - 0.20 0.04 
Cargo 0.085 0.076 0.04 – 0.30 0.06 0.01 - - Btm shell 
Ballast 0.049 0.051 0.04 – 0.10 0.20 0.04 0.20 0.04 
Cargo 0.032 0.022 0.03 0.08 0.01 - - Btm long web 
Ballast 0.027 0.020 - 0.20 0.04 0.20 0.04 
Cargo 0.047 0.062 - 0.06 0.01 - - Btm long fl 
Ballast 0.045 0.066 - 0.20 0.04 0.20 0.04 
Inner btm pl - - - - - 0.20 0.04 
Inner btm fl - - - - - 0.20 0.04 
Inner btm web 
Ballast 
- - - - - 0.20 0.04 
Btw cargo 0.049 0.059 0.03 0.08 0.03 Long bhd pl 
Others 0.051 0.046 0.10 – 0.30
0.20 0.04 
- - 
Cargo 0.038 0.031 0.03 0.10 0.03 Bhd long web 
Ballast - - 0.20 – 1.20
0.30 0.04 
- - 
Cargo 0.045 0.044 - 0.08 0.03 Bhd long fl 




Abbreviations:  btw – between, bhd – bulkhead, dk – deck, fl – flange, long – longitudinal,  




Wang et al. (2003, a & b) observed that: 
 
i. The mean and standard deviation of corrosion rates scatter in wide ranges 
As the measurements come from a fleet of ships, they do not represent the trend 
of a single plate in a specific ship. The variability may be attributed to measurements 
not being taken from a single ship or at the same location. The different maintenance 
of ships may also contribute to this variability. 
 
ii. The average corrosion rates do not seem to depend on the usage spaces 
One factor that may have influenced the data is whether or not the space has 
been coated. Ballast tanks generally have a corrosion protection system, whereas cargo 
tanks may not. However, the presence of coating is not noted in the database.  
 
iii. Corrosion rates seem to follow a Weibull distribution 
Two parameters, scale and shape parameters, are needed to define a Weibull 
distribution function. These may be derived via curve-fitting techniques. 
 
Wang et al. (2003b) presented this highly variable problem by assigning 
cumulative probability values and deriving corrosion wastage from their database 
accordingly.  The derived values of corrosion wastage would measure the extent of 
structural deterioration in a probabilistic manner. It would seem reasonable to 










It was observed that the corrosion wastage approximately doubles when the cumulative 
probability is changed from 50% to 75%, and roughly triples at 95%. Most of the 
structural members have about 0.5 mm wastage for a 50% probability, approximately 
1.0 mm for a 75% probability, and roughly 1.5 mm for a 95% probability. Exceptions 
are deck plates and bottom shell plates, which have much higher corrosion wastage 
than other structural members. 
 
The above conclusions are based on the analyses of the entire population of the 
corrosion wastage database and they may be generalized to the tanker fleet in the 
world. However, care should be taken when attempting to apply Table 3-2 to a specific 
ship, where the cargoes it carries are normally known and the maintenance well 
controlled. 
 
3.2.2 Observed corrosion rates in bulk carriers 
Table 3-4 shows the corrosion rates in bulk carriers. Paik et al. (1998) collected 
a total of 7503 corrosion data from 44 existing bulk carriers. The data were based on 
the assumption that corrosion starts 5 years after construction. Yamamoto et al. (1998) 
collected a total of 7581 data from 77 measurement records in 50 bulk carriers. 
Levels Slight Moderate Severe 




Table 3-4: Estimated corrosion rate for various structural members in bulk carriers  
(units: mm/year) 
Paik et al. (1998) 
Up to 15.25 years Up to 25.25 years Yamamoto et al. (1998) Structure 
Mean Deviation Mean Deviation Mean Deviation 
Deck plate/flange 0.15 0.18 0.08 0.10 - - 
Deck web 0.07 0.07 0.05 0.07 - - 
Upper stool 
plate/flange 0.04 0.03 0.04 0.05 - - 
Upper stool web 0.03 0.10 0.03 0.04 - - 
Upper wing tank side 
shell plate/flange 0.08 0.08 0.04 0.05 - - 
Upper wing tank side 
shell web 0.04 0.05 0.03 0.05 - - 
Side shell plate/flange 0.09 0.10 0.04 0.07 - - 
Side shell web - - - - - - 
Lower wing tank side 
shell plate/flange 0.08 0.07 0.04 0.04 - - 
Lower wing tank side 
shell web 0.04 0.05 0.02 0.03 - - 
Lower stool 
plate/flange 0.13 0.10 0.08 0.08 






plate/flange 0.14 0.13 0.13 0.11 - - 
Inner bottom web 0.07 0.07 0.03 0.04 - - 
Bottom plate/flange 0.05 0.07 0.03 0.04 - - 
Bottom web 0.08 0.08 0.03 0.02 - - 







Paik et al. (1998) observed that: 
 
i. Corrosion rate of boundary plating between ballast and cargo region is high 
This may be due to the fact that the former plates are exposed to both ballast 
and cargoes, while bottom and bilge plates are exposed to ballast water alone as the 
external surface is fully coated. The inner bottom may be relatively rapidly corroded 
not only due to it being a boundary plate, but also because of high mechanical wastage 
and accelerated local corrosion on a horizontal surface. 
 
ii. Corrosion rate based on data up to 15.25 years gives slightly higher values 
than those based on all data collected 
This observation is especially apparent in inner bottom and hopper plates, inner 
bottom longitudinals, side shells and deck plates. This may be because the renewal of 
members due to heavy corrosion is usually made after the ship age of about 15 years. 
 
3.3 Spatial distribution of corrosion wear 
Most corrosion statistics have been performed on the various structural 
members across a transverse section of a vessel (e.g. like those shown in Section 3.2 
and 3.3). However, it will be interesting to visualize the extent of corrosion wear along 
the longitudinal span of a vessel. This section illustrates a spatial analysis of corrosion 
wear on the deck plates of a vessel. Deck plates are chosen for this study because they 
are usually the most critical when subjected to in-plane uniaxial compression. Table 3-





Table 3-5: Details of corrosion measurement source on deck plates 
Ship type Single hull tanker 
Class ABS 
Ship dimensions 232 × 42.6 × 21.8 m 
Deadweight 106722 MT 
Service years 17 years 
Thickness measurements 2,077 (total) 
Cargo Oil tanks (COT) 1477 
Ballast tanks (WBT) 521 
Others 79 
Measuring technique Ultrasonic tests 
 
Corrosion wear is taken as the difference between the original plate thickness 
and the gauged thickness. As some of the plates have been replaced during previous 
inspections and repairs, the corrosion wear for these plates will not be reflective of the 
actual corrosion wastage throughout the ship’s service life. Consequently, these 
measurements have been omitted from the analysis.  
 
Figure 3.1 below shows a comparison of corrosion wastage statistics between 
the deck plates of Cargo Oil Tanks (COT) and Ballast Tanks (WBT) and Figure 3.2 













































yMean = 1.7 mm 
Deviation = 1.3 mm 
Mean = 0.7 mm 





































No. 1 COT (C)No. 2 COT (C) No. 5 COT (C) No. 4 COT (C) No. 3 COT (C) 
No. 1 WBT 
(S) 
No. 1 WBT 
(P) 
No. 2 COT (S) 
No. 2 COT (P) 
No. 3 WBT (S) 
No. 3 WBT (P) 
No. 4 COT (S) 
No. 4 COT (P) No. 5 WBT (P) 
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The following conclusions can be drawn from the results in Figures 3.1 and 3.2: 
 
i. Corrosion wear appears to follow log-normal or Weibull distribution the 
closest 
 It appears that the log-normal or Weibull distribution function might best 
describe the 2 histograms in Figure 3.1 and the most of the histograms in Figure 3.2. 
This is especially apparent in almost all of the deck plates in COT tanks. However, it is 
noted that the histograms for the individual WBT deck plates in Figure 3.2 do not 
exhibit any clear trend that can help in identifying a particular probability distribution.  
 
ii. Deck plates of COT tanks show a higher mean corrosion wear compared to 
WBT tanks 
 Figure 3.1 shows that the corrosion wear in the deck plates of COT tanks was 
approximately double that in WBT tanks. This confirms the finding of a recent study 
by Wang et al. (2003a & b), and is contrary to the TSCF (1992) publication. It is noted 
that the ballast tank is coated, while the COT is not. 
 
iii. Deck plates in center tanks show histograms with more consistent trends 
compared to wing tanks 
 Figure 3.2 shows that the deck plates in the center tanks of the vessel 
consistently produced histograms with clear trends while those in the wing tanks 




iv. Corrosion wear in the mid-ship area tends to be lower than those at both 
ends 
Contrary to popular belief that increased bending action removes protective scale, it 
can be observed from Figure 3.2 that the mean corrosion wear in Nos. 3 and 4 
COT/WBT is lower than Nos. 1 and 2 COT/WBT. 
 
3.4 Existing corrosion models 
There has been an interest in developing models for predicting corrosion 
wastage. Phenomenal models have the advantage in quantitatively estimating definable 
corrosion mechanisms, but are often confined to limited cases and their effectiveness is 
still not fully demonstrated. Due to the high variability in corrosion wastage, statistical 
analysis on a collection of corrosion measurements seems to be one of the best options. 
 
Figure 3.3 shows schematically the available models for corrosion progress 
published to date. These models are used for assessing structural conditions and do not 













Figure 3.3: Existing models for corrosion progress (Ivanov et al., 1991) 
 
Typically, it is assumed that corrosion does not take place until the coating 
starts to break down and loses its effectiveness in protecting the steel. Once corrosion 
sets in, wastage increases over time according to one of the following 3 models for 
corrosion progress: 
 
i. Corrosion wastage linearly increases with time. This is perhaps the most 
common and widely used assumption. 
 
ii. Corrosion increases and accelerates over time. This occurs when rust build-












iii. Rate of corrosion slows down with time. Steel is assumed to be gradually 
covered with scale and rust, preventing further exposure of new steel to corrosive 
environment. 
Corrosion rate is the slope of the lines in Figure 3.2. The constant corrosion-
rate progress model (line a) is commonly preferred. The additional complexity 
introduced by more refined models has yet to prove improved prediction accuracy. 
 
3.5 Effects of corrosion wear on thickness 
Corrosion wastage reduces the thickness of structural components and hence 
decreases the capacity of the structure. As corrosion rates exhibit high variability with 
respect to both structural location and time, this translates to a correspondingly high 
variability in the structural capacity of the aged vessel. 
 









Figure 3.4: Assumed phases of corrosion wear (Ivanov et al., 1991) 
 
Ship’s age (T) 
Corrosion rate (mm/yr) 
T1 T2 0 





The first phase (T = 0 to T1) is known as the coating longevity and it happens while the 
coating is intact and there is no corrosion wastage. The second phase (T= T1 to T2) 
represents a transition period with a gradual increase in corrosion rate as the coating 
breaks down. The final phase (T > T2) happens when the coating has completely failed 
and the corrosion rate reaches a constant maximum value, δ. Although these phases are 
arbitrary, it is a simplifying assumption that is believed to be reasonable until future 
data proves otherwise. 
 
Based on Figure 3.4 above, the following plate thickness at any time T can be 
derived: 
 
( )IIIIIT wwtt +−= 0      (3.1) 
 
where   tT = thickness at time T (mm) 
t0 = original thickness (mm) 
 wII = corrosion wastage occurring in Phase II (mm) 







































 wIII = corrosion wastage occurring in Phase III (mm) 

















Assuming that coating longevity, transition period and the corrosion rate are 
statistically independent random variables, the mean value of plate thickness will be: 
 






















































































































































































































Due to lack of reliable statistical data for the mean values and variances of T1 and T2 at 
the moment, the calculations can be performed assuming given values of T1 and T2 
being deterministic. 
 
3.6 Coating longevity & Phase II of corrosion wear 
Ivanov et al. (2003) investigated the effects of varying coating longevity (T = 0 
to T1) and the effects of varying Phase II of corrosion wear (T = T1 to T2) on vessel 





When calculating the effect of coating longevity (Phase I), the time T1 was 
varied from 0 to 10 years, while the second phase was held constant at 2 years (Figure 
3.5). When calculating the effect of Phase II, the time interval from T1 to T2 was varied 








Figure 3.5: Varying corrosion wear Phase I from 0–10 years keeping Phase II constant 









Figure 3.6: Varying corrosion wear Phase II from 0–10 years keeping Phase I constant 
(Ivanov et al., 2003) 
 
The graphical results are illustrated in Figure 3.7 below for the case of design life T = 
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Figure 3.7: Effect of coating longevity and Phase II of corrosion wear 
on the reliability P (SMdeck > SMreq,T) (Ivanov et al., 2003) 
 
The graph shows that: 
 
i. There is increasing vessel reliability when either Phase I or Phase II of 
corrosion wear is extended from 0 to 10 years. This means that if either the coating 
longevity or Phase II can last up to 10 years before the corrosion rate reaches a 
constant maximum value of δ, the vessel will have nearly 100% reliability even when 
operated till 25 years old. 
 
ii. The effect of varying coating longevity is slightly more significant than the 
effect of varying Phase II in terms of reduction in vessel reliability. This can be seen in 
the graphs of (T = 20 yrs, Phase II = 2 yrs) and (T = 25 yrs, Phase II = 2 yrs) where 
each is approximately 0 ~ 2% lower than their corresponding counterparts. 
 
iii. It can be observed that with merely a 5-year difference in design life of the 
vessel, there are about 1% ~ 18% differences in vessel reliability for either case of 
varying Phase I or Phase II of corrosion wear. The difference is no longer so apparent 
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CHAPTER 4: ULTIMATE STRENGTH 
Stiffened panel forms the backbone of most of a ship’s structure. The amount 
of in-plane compression or tension experienced depends primarily on the location of 
the panel. Deck panels tend to experience large in-plane compression and small lateral 
pressures. Design of stiffened panels previously relied on the elastic buckling strength 
with a simple plasticity correction. Arguably, the ultimate strength is a better basis for 
design because it defines the collapse of the structure. Even if parts of the stiffened 
panel initially buckle in the elastic regime, a panel can carry further loads due to its 
post-buckling strength. 
 
4.1 Behavior of plates in compression 
The behavior of plate panels under predominantly compressive loads is 
schematically shown in Figure 4.1. Plate panels usually undergo 5 stages under 























Figure 4.1: Typical stress-strain behavior (Paik et al., 2000) 
 
In the pre-buckling stage, the plate’s response to load follows Hook’s Law 
where its load-displacement relationship is linear. When compressive loads reach the 
critical buckling load of the plate, bucking occurs. Buckling strength can be defined as 
the end stress when the buckling profile of the plate (usually in the form of half-waves 
of approximately equal length) is first observed during incremental loading. Thin 
plates usually show elastic buckling, while intermediate thick plates usually exhibit 
inelastic buckling. A plate buckled in the elastic region will eventually collapse 
resulting in a rapid decrease in in-plane stiffness as the yield zone inside the plate 
expands. On the other hand, if buckling occurs in the inelastic region, plates normally 
reach the ultimate limit state straight away. In other words, the buckling and ultimate 









In the case of stiffened panels, tangential stress developed as a result of initial 
out-of-plane deflection is redistributed to stiffer members by membrane action. 
Therefore, even if parts of the plate buckle, it may sustain further load due to the 
presence of stiffeners. The effect of longitudinal stiffeners, other than to carry a portion 
of the applied load, is to restrain the out-of-plane deflection of the base plate. Buckling 
of longitudinal stiffeners themselves can be assumed using the beam-column buckling 
approach. However the interaction of both plate and stiffener behavior is complex and 
usually occurs through a combination of plastic yielding and buckling. The transverse 
stiffeners are used merely to subdivide the plate into smaller panels since the portion of 
the load carried by them is relatively small. The ultimate strength of stiffened panels is 
eventually reached by excessive plasticity or yielding of stiffeners.  
 
4.2 Literature Review 
4.2.1 Previous studies 
Smith (1975) was one of the earliest to test the ultimate strength of steel 
grillages (Figure 4.2) representing typical ship decks. He demonstrated various kinds 
of interframe buckling by varying the geometrical dimensions of individual plates. 
Smith et al. (1991) subsequently conducted numerical evaluations of the tested 
























Figure 4.2: Typical test grillages of Smith’s experiment 
 
Mikami and Niwa (1996) performed ultimate strength analysis of orthogonally 
stiffened panels subjected to uniaxial compression based on orthotropic plate theory. 
This theory idealizes a discretely stiffened panel as an elastic orthotropic plate using 
classical large deflection theory. Local buckling was included and the method was 
validated by comparison with test results. 
 
Mateus & Witz (1997, 1998) studied the buckling and post-buckling behavior 
of corroded steel plates using the nonlinear finite element method. The effects of 
general corrosion were introduced using the traditional uniform thickness reduction 
approach and a proposed quasi-random thickness surface model. Their results show 
that there were significant discrepancies in the prediction of post-buckling behavior 
between the two approaches. The uniform thickness reduction approach produced 
optimistic results and they concluded that it might be arguably not conservative 





Yao et al. (1998) discussed the characteristics of initial imperfections in panels 
and stiffeners due to welding. The buckling/ultimate strength of ship bottom stiffened 
plating subjected to combined bi-axial thrust and lateral pressure was extensively 
investigated. Their studies indicated that the buckling strength of a local panel between 
stiffeners could increase due to the effects of lateral pressure. Welding residual stresses 
reduce both buckling and ultimate strength while the mode of initial deflection does 
not seem to have a very significant effect on the ultimate strength. 
 
Paik et al. (2001) described the ultimate limit state design of stiffened panels 
and categorized possible failure modes taking into account the effects of initial 
imperfections. The design oriented strength formulations developed accommodated all 
potential applied load components. The validity of the proposed formulations was 
confirmed by a comparison with non-linear finite element solutions and mechanical 
collapse test results. 
 
Toulios and Caridis (2002) studied the effect of aspect ratio on the buckling 
and collapse behavior of flat bar stiffened plates. The plate equations are expressed in 
finite difference form and the solution is obtained using a dynamic relaxation 
algorithm. It was found that the ultimate strength of the plate panel reduces with 
increasing aspect ratio and remains practically constant at higher aspect ratios. The 
latter is attributed to the initial single half-wave distortion profile that prohibits the 





Fujikubo and Kaeding (2002) proposed a new simplified model for collapse 
analysis of stiffened plates by using idealized structural unit method rather than 
conventional finite element analysis. The formulation of plate element is performed by 
introducing shape functions to simulate the plastic collapse behavior of plate panels. 
Combining plate and beam-column elements allows for both local buckling of the plate 
panel and overall buckling of the stiffener. 
 
4.2.2 Design standards 
Many design rules of classification societies approximately calculate the 
inelastic buckling strength of plate elements by a correction for plasticity applied to the 
elastic buckling strength. This approach normally tends to underestimate the buckling 
strength for uniaxial compression, but in some cases for combined loading it can 
overestimate the buckling strength. For collapse strength prediction of steel plates, the 
Von Karman et al.’s (1932) effective width concept has been widely used and most 
design codes have their genesis in this concept. In essence, this effective width concept 
measures the post-buckling strength of plate panels. 
 
Table 4-1 lists some examples of design standards regarding the buckling and 







Table 4-1: Formulae for buckling and ultimate strength of uniaxially compressed plate panels (long plates) 
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4.3 Non-linear finite element analysis 
Buckling and collapse of stiffened panels are non-linear static problems where 
the structure releases strain energy to remain in equilibrium. FEA is suitable in 
establishing convergence of results by solving balance equations using the Newton-
Raphson method. The general idea is to discretise a complex continuum into simple 
geometric shapes with a finite number of degrees of freedom. FEM then yields 
approximate solutions at certain pre-selected nodes and other values are obtained by 
interpolation or extrapolation. Its accuracy is greatly dependent on the element type, 
element meshing and specified boundary conditions. 
 
Elastic buckling analysis was first performed on the ‘perfect’ model created 
during pre-processing. This is to establish probable buckling modes and to verify that 
the mesh discretizes these modes accurately. Then, material non-linearity is modeled 
using an incremental iterative load step, assuming that the material is elasto-plastic. In 
this step, the processor retrieves the contour of the previously buckled shape as the 
initial geometry for the second analysis. This is done by a linear superposition of the 
buckling eigenmodes onto the ‘perfect’ model. The lowest buckling modes are 
assumed to provide the most critical imperfections, so these are usually scaled and 
added to the perfect geometry to create the perturbed mesh. The global imperfection in 









φ      (4.1) 
 
 where iφ  = ith mode shape 
           wi = scale factor taken as the maximum overall vertical deflection as a 




FEA uses non-linear large displacement theory for analysis whenever large 
deflection is specified by the NLGEOM function. It automatically attempts to solve the 
problem based on an updated stiffness matrix and changing load vector, while trying to 
establish convergence in its results. Material yielding is defined by the Von Mises 
yield function with isotropic material behavior. The non-linear response of the 
stiffened panel in the loading path is solved using the Newton-Raphson iterative 
technique while the response in the unloading path is traced using the arc-length 
control method.  
 
For non-linear analyses, a major problem with many plate and shell elements is 
caused by the non-vectorial nature of large-rotations. The sudden loss in stiffness of 
the model introduces singularity in the stiffness matrix, causing the iterative 
corrections to drift from equilibrium. Once divergence is detected, FEM will terminate 
the analysis prematurely. This problem can usually be solved by using a smaller load 
increment or a finer mesh at the collapse region. However, as the increment factor is 
unknown, it will take a few trials before figuring out a small enough increment for the 
analysis to converge. 
 
4.4 Verification examples 
 In this study, FEA was performed using ANSYS to simulate the collapse of 
stiffened panels. The Smith test grillages (1975) were used as verification examples to 
ensure the validity of the FEA analysis. A typical longitudinally stiffened deck sub-
panel, as shown in Figure 4.3, is bounded on each end by a transverse frame and on the 
sides by deck girders. Instead of modeling the entire grillage, a unit panel of the 
grillage with its attached longitudinal stiffener was modeled as this is computationally 











Figure 4.3: Illustration of a unit panel in a stiffened-plated sub-panel 
 
When the panel experiences predominantly in-plane compression, the boundary 










Figure 4.4: Boundary conditions applied on a unit panel model 
 
The following Smith grillages were modeled and the FEA results compared 










Uy = Uz = θx = θz = 0 
Symmetric: 
Uy = θx = θz = 0 
Symmetric: 





Table 4-2: Verification of ANSYS analysis using selected Smith grillages for comparison 
 
 
* refers to wi in Eq. (4.1) 
 
E = 205800 MPa 













































1a 6069 3048 8.00 4 153.67 7.21 78.99 14.22 250.4 0.0015 190.3 182.9 0.96 
2b 6069 3048 7.37 9 114.30 5.38 44.70 9.53 263.3 0.0019 218.5 231.1 1.06 
3b 6069 3048 6.40 9 77.22 4.65 27.94 6.35 247.3 0.0041 150.9 180.9 1.20 








Figure 4.5 shows the deformed shapes predicted by ANSYS compared to the actual 

















































Figure 4.5: Comparison of deformed shapes (left: ANSYS FEA, right: Smith 
experiment) 
(a). Smith grillage No. 1a 
(b). Smith grillage No. 2b* 
*Photo of Smith test grillage No. 2b was unavailable. Shown here (on the 
right) is test grillage No. 2a which has a form of collapse that was virtually 
identical to grillage no. 2b (Smith 1975) 
(d). Smith grillage No. 4a 




4.5 Sensitivity analysis of input parameters 
The ultimate strength of stiffened panels depends on several factors. However, 
the effects of probabilistic variation in some factors are more greatly felt than others. 
In determining the probabilistic characteristic of ultimate strength, it is usually typical 
to consider only the factors whose variation will affect that of ultimate strength the 
most. This section conducts a sensitivity analysis using FEA of the following factors: 
buckling mode, slenderness ratio, initial imperfections, Young’s modulus and yield 
stress. 
 
A unit panel from the deck of the same candidate vessel analyzed in Section 3.3 












Figure 4.6: Dimensions of a unit panel in an uncorroded deck plate 







thickness = 15.5 
Stiffener web 
thickness = 11 
Stiffener flange 
thickness = 15 
Aspect ratio = 5.6 
Cross sectional area = 16608.5 mm2 




The transverse frame spacing and the longitudinal stiffener spacing may be considered 
deterministic values without compromising the accuracy of long-term ultimate strength 
since they are large compared to the thickness of the stiffened panel. So, any variation 
in the spacing values will have a rather negligible effect on the ultimate strength 
compared to the same degree of variation in plate thickness. The initial parameters 
used (Table 4-3) reflect the nominal values obtained from the owner at the time of 
construction. 
 
Table 4-3: Initial geometric and material properties of candidate vessel 
Parameters Mean values 
Buckling mode 
6 half-sine waves 
(obtained by rounding off aspect ratio of 5.6 to the 
nearest integer) 
Slenderness ratio 52.1 
*Initial imperfection scale factor 0.0015 
Young’s modulus 206000 N/mm2 
Yield stress 315 N/mm2 
 
* refers to wi in Eq. (4.1) 
 
The following results are obtained for the uncorroded strength of the stiffened panel at 




































Figure 4.8: Stress-strain curve of uncorroded unit panel from candidate ship 
 













In performing the sensitivity analysis, we are trying to find out how much the 
ultimate strength is affected with respect to reasonable changes in its input parameters. 
Each parameter will be varied one at a time while the rest are held constant. A 
variation of ± 10% in the input parameters is considered, as this range is believed to be 
conceivably possible throughout the lifetime of a vessel. If changes in ultimate strength 
are negligibly insignificant when a particular parameter is varied, that parameter may 
be assumed to be deterministic, since any error as a result of this assumption will be 
small. However, despite the simplicity in this procedure, it may not be entirely possible 
to put this knowledge into practice. This is because, as mentioned earlier in Chapters 1 
and 2, the main problem lies in the lack of reliable data since it has either not been a 
practice of the industry or it may not be realistically possible to collect measurements 
of all input parameters from an operational vessel on an annual basis. As a result of 
this lack in information, it is not possible to consider all input parameters, whose 
variation was found to have a significant effect on the ultimate strength, as random 
variables until further information is available. 
 
Table 4-4 shows the COV values for the various chosen input parameters as 






Table 4-4: Results of sensitivity analysis conducted on a few selected input parameters 
 































































2 3 267.3 (+8.3%) 52.1 807 15.5 16608.5 246.9 0.0015 246.9 206000 246.9 315 246.9 

















4 5 259.5 (+5.1%) – – – – – – – – – – – 
5 6 246.9 – – – – – – – – – – – 
Mean: 259.6 Mean: 246.0 Mean: 247.3 Mean: 246.7 Mean: 246.1 
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The following observations can be made from Table 4-4: 
 
i. The effects of varying Young’s modulus and initial imperfection scale factor1 
are small 
Their COV are each less than 2.0% and they are the smallest out of the 5 
parameters tested. Therefore, the Young’s modulus and the initial imperfection scale 
factor may be considered as deterministic variables in subsequent analyses. 
 
ii. Variation in buckling modes shows a moderately significant effect on 
ultimate stress 
Although variation in the buckling modes produce a COV of 3.6%, it is 
understood that the choice of buckling mode is a function of aspect ratio of the 
stiffened panel. Since we have earlier assumed the aspect ratio to be deterministic, we 
may also assume that the buckling mode will not change with time. However, it is 
noted that the aspect ratio of the stiffened panel is 5.6. The initial choice of 6 half-sine 
curves for the buckling mode was made based on rounding up the aspect ratio to the 
nearest integer. So the ultimate stress would be 246.9 N/mm2. However, an average 
value of ultimate stress obtained from that of buckling modes 4 and 5 may be more 
realistic than using the ultimate stress from buckling mode 5 alone since the aspect 





1refers to wi in Eq. (4.1) 
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iii. The effect of varying slenderness ratio2 is moderately significant 
The COV of varying slenderness ratio is 2.4%. However, corrosion had been 
observed to change the plate thickness by more than ± 10% on some occasions. Also, 
the stiffener web and flange thickness will be reduced by corrosion over time. 
Therefore, it is acknowledged that the effects of varying member thickness on the 
ultimate stress may be significant enough to treat them as random variables. 
 
iv. The effect of varying yield stress is quite significant 
The COV of varying yield stress is 6.2%. Some studies have shown that the 
yield stress of steel may change with time and possibly even with material degradation. 
So, it seems to be reasonable to treat yield stress as a random variable in future 
analysis of time-dependent reliability. However, due to the lack in data of the time-
varying measurements of yield stress, it may only be possible to assume yield stress as 
a deterministic value at this stage in time. 
 
It may be concluded that in deciding which input parameters to be treated as 
random variables is often not as straight forward as simply performing a sensitivity 
analysis on each of these parameters. Sensitivity analysis may give an indication of the 
extent which the result is affected by small variations in its input parameters. However, 
the information we really need is the measured amount of variation each input 
parameter will undergo in-service before we can effectively treat them as a random 
variable in our analysis. Such data is extremely scarce at the moment. As such, it is not 
possible to treat yield stress, buckling mode or slenderness ratio as random variables in 
this study. 
 
2Refers to the ratio (space between 2 adjacent longitudinal stiffeners):(thickness of base plate) 




CHAPTER 5: LOADS ON DECK STRUCTURES 
 
In evaluating the safety and reliability of ship structures, the lifetime structural 
loading of a ship is developed considering the operational conditions and the 
characteristics of the ship at sea. Deck structures are mainly subjected to compression 
or tension in the ship’s longitudinal direction.  This is due to longitudinal bending of 
the hull girder when the vessel is subjected to loadings.  
 
Primary load effects may include self-weight, cargo, buoyancy, and operation 
in a random ocean environment. The total bending moment can be divided into 2 
components, namely stillwater load and wave-induced load. Therefore, the stochastic 
models of stillwater bending moment, wave-induced bending moment and their 
combination are described in this section. Strictly speaking, these 2 components 
influence each other and the 2 random variables are statistically dependent. However, 
it has been known that practically reliable results can be obtained by dealing with the 
load components separately without taking their correlation into consideration. 
 
5.1 Stillwater bending moment 
Stillwater loads result primarily from human’s decisions and actions on a ship, 
thereby affecting the loading patterns such as the ship’s self-weight, cargo distribution 
and buoyancy. This cause a difference in the weights and buoyancy distributions along 
the ship’s length, thereby generating the stillwater bending moment effects. Although 
it rarely governs the design of a ship on its own, it is still an industrial practice to check 
the stillwater loads. Because none of the factors affecting stillwater loads is amenable 
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to simple analytical representation, its probabilistic models must to a large extent be 
constructed from empirical data. 
 
5.1.1 Previous studies 
Ivanov and Madjarov (1975) analyzed data of several cargo ships and one bulk 
carrier. This was the first work where a statistical analysis of Stillwater bending 
moments was performed. They performed a chi-square fit which led to the conclusion 
that the data would not reject the hypothesis of being normally distributed. 
 
Söding (1979) presented a probabilistically based method of prediction of 
stillwater bending moments in containerships. He based his work on a statistical 
analysis of weights of containers and accounted for their random number and 
distribution onboard. For a given distribution, the amount of ballast was determined by 
an optimization procedure aimed at obtaining a minimum bending moment or 
minimum amount of ballast. He then used a similar procedure to generate random 
distributions of containers and to predict a design value of the stillwater bending 
moment. 
 
Soares and Moan (1988) performed a statistical analysis of stillwater bending 
moment data from 100 ships aimed at establishing the variability of the maximum 
stillwater load effects that occur during the operation of vessels. They identified the 
effect of ship type, ship size and loading condition and quantified these effects using 
regression equations. A histogram of pooled data from several tankers is shown in 
Figure 5.1 below. The stillwater bending moment data were found to be normally 
distributed by applying goodness of fit tests. 













Figure 5.1: Maximum stillwater bending moments in tankers (Soares et al., 1988) 
 
5.1.2 Rules requirement 
IACS states that in general, the following load conditions, based on amount of 
bunker, fresh water and stores at departure and arrival, are to be considered for the 
stillwater bending moment calculations: 
 




– Homogeneous loading conditions at maximum draught 
– Ballast conditions 
– Special loading conditions e.g., container or light load conditions at 
less than the maximum draught, heavy cargo, empty holds or non-
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Sample mean = –0.124fa (sagging) 
Sample standard deviation = 0.213fa 
where fa = nominal yield strength (ksi) 
Observed moment 
Design moment 




– Homogeneous loading conditions (excluding dry and clean ballast 
tanks) and ballast or part loaded conditions 
– Any specified non-uniform distribution of loading 
– Mid-voyage conditions relating to tank cleaning or other operations 
where these differ significantly from the ballast conditions. 
 
For convenience, the mean value of stillwater bending moment is often taken in 
the past from an empirical formula that has been suggested as a first cut estimation of 
the maximum allowable stillwater bending moment. DnV (1998) gives the 
approximate formula for the maximum specified stillwater bending moments 
amidships in a design lifetime of 20 years as: 
 
( )7.0065.0 20, +−= BWUS CBLCM  (kNm) sagging  (5.1) 
                      ( )BWU CBLC 015.01225.02 −=  (kNm) hogging 
  
where L = ship length (m) 
B = ship breadth (m) 
CB = block coefficient 6.0≥  
WWU CC =  (wave coefficient for unrestricted service) 
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Other Classification Societies do not specify the maximum stillwater bending moment 
as it is usually to be determined on a case by case basis. 
 
 The main difficulty in predicting stillwater bending moment is the lack of 
knowledge in the stillwater loads. If the loads are known, the detailed distribution of 
stillwater bending moment along a ship’s length can be calculated by a double 
integration of the difference between the weight force and the buoyancy force, 
modeling the primary hull structure as a simple beam. In finding the design value of 
stillwater bending moment, several representative load conditions are considered. The 
reference value adopted for design is the maximum that occurs in these conditions or 
the minimum design requirement of Classification Societies, depending whichever is 
greater. 
 
5.1.3 Statistical model 
Time effects may be dealt with by considering that the load effects in 
successive departures can be modeled as independent realizations of a normally 
distributed random variable. Based on statistical data, Moan et al. (1988) and Wang et 
al. (1996) suggested that the cumulative distribution of stillwater bending moment’s 
peak value can be fitted by a Rayleigh distribution for the sagging condition and by an 
















MTMF ν  sagging  (5.2) 
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where MS = stillwater bending moment of an individual load condition 
MS,0 = maximum specified stillwater bending moment in a reference design 
period To (~ 20 years)  
vS = mean arrival rate of one load condition 
 
Due to its characteristic of frequently changing load condition, stillwater 
bending moment can be regarded as a Poisson rectangular pulse process in time 
domain (Figure 5.2). This is because the stillwater bending moment at a given section 
of the ship is constant under specific load condition, and the duration of each load 








Figure 5.2: Modeling of stillwater bending moment by a  
Poisson rectangular pulse process 
 
The extreme cumulative distribution function (CDF) of the maximum stillwater 
bending moment in time T, MS,T, considering mutual independence between load 
conditions, can be found for a total of vST repetitions using Type I extreme variable 
theory: 
( ) ( )[ ] TTSMsTSTMs SMFMF ν,,, =    (5.3) 
Time, T 
Stillwater bending moment 
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5.2 Wave-induced bending moment 
Wave-induced bending moment is a random variable dependent on the ship’s 
principal characteristics, environmental influences, and operational conditions. Due to 
the random nature of the ocean, the wave-induced bending moment is a stochastic 
process and may be described by either short-term or long-term statistics. The 
maximum vertical wave-induced bending moment (MW,0) in a reference design period 
is assumed equally likely to occur any time during the ship’s service life. Its magnitude 
depends on the number of load applications, N, on the ship. A 20-year design life is 
usually typical, for which N is approximately 108 cycles.  
 
5.2.1 Previous studies 
Salvesen et al. (1970) established the linear strip theory methods which have 
been adopted in most design codes today. For design purposes, extreme values of the 
wave-induced load effects experienced during a ship’s lifetime are required and 
therefore long-term formulations were developed on the basis of these linear strip 
predictions. 
 
Soares G. (1991) presented a survey of the generally used theories for 
predicting wave-induced motions and loads on ships as well as their comparisons with 
experimental results. The published results were used to quantify a model uncertainty 
factor that is proposed to correct for the theoretical predictions of systematic 
deviations. The non-linearity of the response is also considered and modeled. He 
developed a formulation for quantifying the influence of the transfer function 
uncertainty on the short-term response variance. 
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Ivanov et al. (1991) investigated the long-term distribution of wave-induced 
bending moments. They proposed an algorithm from which one could find the 
probability of exceeding the maximum wave-induced bending moment for any 
required reference period other than T = 20 years, as shown below: 
 
PT(exceedance) = 1 – [1 – PT0(exceedance)]1/k  (5.4) 
 
where PT(exceedance) = probability that the maximum wave-induced moment will be 
exceeded by an individual wave-induced moment during a period T 
PT0(exceedance) = probability that the maximum wave-induced moment will be 
exceeded by an individual wave-induced moment during the reference design 
period T0 = 20 years 
k = number of occurrences of MW during the reference design period 




Figure 5.3 below shows an example performed on a 75,000 DWT tanker. 

















Figure 5.3: Cumulative distributions of wave-induced bending moments for several 
years of a ship’s life 
 
Soares G. (1993) proposed a method for the long-term formulation of wave-
induced bending moments in ship structures. His procedure is based on the 
modification of the transfer functions predicted by the linear theory with a modeling 
factor representing the effects of non-linearity. The accuracy of the predictions 
depends very much on the method of assessing the non-linear modeling factor. 
 
5.2.2 Rules requirement 
The rule wave bending moment, as specified in IACS, corresponds to the 
maximum value predicted to occur in a 20-year service period, or a probability of 
Wave-induced bending moment 














(current design practice) 
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exceedance level of 10-8. The IACS requirement represents an average of the specified 
values of different Classification Societies for different ships with a spread in the range 
from –11% to +17%. The maximum specified wave-induced bending moment at 
amidships, as defined by both IACS and ABS, is: 
 
( )7.011.0 20, +−= BWW CBLCM  (kNm) sagging (5.5) 
           BW BCLC
219.0=   (kNm) hogging 
 
where L, B, CB, CW = as defined in above section 5.1.2 
 
The above equation for MW,0 is given for all ships using the North Atlantic 
wave climate as the referenced situation. 
 
5.2.3 Statistical model 
Typically, the design wave load effects are based on long-term statistics, which 
are weighted short-term statistics over a time period. The long-term prediction of 
wave-induced bending moments is usually done using linear analysis and then 
corrected to account for non-linear effects based on experiments or full-scale 
measurements. 
 
The long-term distribution of individual wave-induced bending moment in 1 
















lnexp1)( ν    (5.6) 
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where MW = individual maximum wave-induced moment for each sea state or in 1 
wave cycle 
MW,0 = maximum wave-induced bending moment in a reference design period 
T0 
vW = mean arrival rate of 1 wave cycle 
hW = shape parameter 
     = 0.9 ~ 1.1 (for tankers) 
  
The maximum wave-induced bending moment can be modeled as a Poisson 
spike process in the time T and the extreme CDF of MW,T can be found for a total of 
vWT repetitions as shown: 
 
( ) ( )[ ] TTWMwTWTMw WMFMF ν,,, =    (5.7) 
 
Although there is much uncertainty in environmental conditions, the wave-induced 
loads predicted by the above equations have generally been found to be conservative. 
This is because the equations attempt to account for all possible sources of variability 
in a pessimistic way.  
 
5.3 Load combinations 
The primary concern for ship designers is the worst-case scenario of both 
stillwater and wave-induced bending moments occurring at the same time. In general, 
there are 2 types of methods adopted for combining the moments: 
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i. Stochastic methods which combine the 2 stochastic processes directly. 
ii. Deterministic methods which combine the characteristic values of the 
stochastic processes. 
 
In most existing ship rules, such as IACS, ABS and DnV, the 2 maximum moments 
are added together following the peak coincidence method. It is assumed that their 
maxima occur at the same instant in time: 
 
0,0,0, WSt MMM +=      (5.8) 
 
However, some researchers believe that the maximum stillwater and wave-induced 
bending moments rarely occur at the same instant. And even if they do, the maxima of 
combined bending moment is found to be smaller than the sum of the maxima of the 
individual loads. Hence for practical design considerations, load combination factors 
are proposed as follows: 
 
TWWTSTWTSSTt MMMMM ,,,,, ψψ +=+=  (5.9) 
 
where ψS, ψW = load combination factors 

























































ν  sagging and hogging 
 
It has been found that the load combination factors are dependent on the reference 
design period. Table 5-2 presents the design stillwater and wave-induced bending 
moment values and their load combination factors for T = 1, 20 and 100 years.  
 
Table 5-2: Design bending moment and their corresponding load combination factors 
(Wang et al., 2003b) 














 0.837 1.0 1.087 
Sψ  0.58 0.48 0.44 
Sagging 














 0.837 1.0 1.087 
Sψ  0.49 0.44 0.42 
Hogging 
Wψ  0.71 0.60 0.55 
 
 
It can be observed that the factors decrease with an increase in design period. This is 
because these load combination factors are taken with reference to a fixed design 
period. Therefore, it becomes less likely for the bending moments to coincide at the 
same instant in time when the design period gets larger. However, the total bending 
moment still increases with increase in design period because both individual bending 




CHAPTER 6: RELIABILITY ANALYSIS 
The design of a marine structure depends on predicted loads and the structure’s 
calculated capacity to resist them. There is always significant uncertainty in 
determining both of these factors. Traditionally, the engineering design process has 
compensated for these uncertainties by experience and subjective judgment. However, 
with reliability technology, these uncertainties can be considered more quantitatively. 
Specifically, the use of reliability-based design criteria holds the promise of producing 
better-engineered designs, such as a higher level of safety and/or lower overall weight, 
relative to structure designed by current procedures. 
 
In general, the basic approach to developing a limit states design rule is first to 
determine the relative reliability of designs based on current practice. This relative 
reliability can be expressed in terms of either a probability of failure or a reliability 
index. Such procedure takes into account more information than deterministic 
methods, such as uncertainties in the strength of structural elements, in loads and load 
combinations, and modeling errors in analysis procedures. Probability-based design is 
more flexible than working stress formats because it provides consistent levels of 
safety over all structural elements by guiding the selection of safety factors and 




6.1 Limit state function 
The limit state function g(X) for structural failure represents the margin 
between structural capacity and demand. It characterizes the condition of the structure 
and defines 2 domains of safety with regard to the limit surface as follows: 
 
g(X) > 0 in the safe domain 
g(X) = 0 on the limit surface 
g(X) < 0 in the unsafe domain 
 
If structural capacity is modeled by random variable C, and the demand by another 
random variable D, then the ultimate limit state function is formulated as: 
 
DCm Xg µµ −=)(     (6.1) 
 
where gm(X) = mean safety margin 
µC = mean capacity 
µD = mean demand (assumed to be statistically independent from µC) 
 
There are various kinds of failure modes, such as buckling, fatigue, fracture, 
etc. In this study, we assume that the structure fails by way of reaching its ultimate 
strength and that one failure mode is independent from each other. Hence, structural 





The existing renewal criteria of Classification Societies are intended to 
maintain adequate strength of the hull structure by ensuring the thickness of stiffened 
panels do not fall below a certain value due to corrosion. Unless σu is greater than σt 
by a large amount, there is always a risk or probability of failure (shaded area in Figure 
6.1) due to the variability in both design parameters, defined as 
 
)()0( tuf PgPP σσ <=<=   (6.2a) 
 
Reliability is simply the converse of risk, that is: 












Figure 6.1: Frequency distribution of demand and capacity 
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If structural capacity (C) and the demand (D) are statistically independent, then 
their joint probability density function is: 
 
),()( , dcfxf DC=      (6.3) 
)()( dfcf DC=  
 
Hence, from Eq. (6.2a), 
 Pf = P (g < 0)  







⎡= )()(    (6.4) 
 
In some cases, the joint probability density function can be calculated analytically. But 
in most cases, the analytical solution may not exist or is too tedious to obtain. 
Numerical and computational methods such as the First Order Reliability Methods 
(FORM) or the Monte Carlo simulation may have to be used. 
 
One can often confidently estimate the capacity of a vessel at the time of its 
construction to a high level of accuracy. This is because any variation in the initial 
geometry of structural components is small. However, the same cannot be said to be 
true when the vessel is many years into operation. Degradation of structural elements 
due to corrosion results in a time-varying decrease in the ultimate strength capacity 
except at those times where member renewal occurs. As such, the probability of failure 





6.2 Uncertainty assessment of random variables 
In reliability analyses, all design variables are in principle regarded as random 
variables with certain levels of uncertainties. The probabilistic characteristics of these 
random variables are usually quantified by regression analyses based on statistical 
observations. However, in addition to mean and standard deviation of the random 
variables, the type of probability distribution has also a crucial impact in reliability 
analyses since the prediction depends significantly on its tail shape. Hence, model 
uncertainties may arise out of inherent physical limitations, modeling assumptions or 
plain lack of information. 
 
When accounting for these model uncertainties, it is customary to introduce 
additional variables to the limit state equation as follows: 
 
DDCCn xxXg µµ −=)(     (6.5) 
 
where gn(X) = nominal safety margin (Figure 6.1) 
xC, xD = random variables representing model uncertainties or partial safety 
 factors 
 
This failure condition portrays the limit state equation as a function of 4 
variables. However it is recalled that the variable C involves parameters related to 
geometric and material properties (e.g. plate thickness, yield strength, Young’s 
modulus, etc.) of the various structural components. The value of plate thickness at any 
time will be a function of time-variant structural degradation due to corrosion. Also, 





0)( >Xg  0)( <Xg  
0 gm(X) 
σg σg 
Probability of failure 
Probability density 
and operational conditions (e.g. ship speed and heading, etc.). Therefore, the 
determination of g(X) may not be as easy as it seems as the number of random 
variables to be considered is extremely large.  
 
6.3 Reliability analysis 
 If the probability distribution of safety margin g(X) is considered, the reliability 
index may under some circumstances be interpreted as the number of standard 
deviations σg of the mean safety margin gm(X) from zero. The geometric representation 











Figure 6.2: Illustration of safety margin distribution and reliability index 
 
The shaded area corresponds to the probability of failure Pf. This definition of 
reliability index should be used with caution as it varies with the form of the failure 





The reliability-based design of ship structures requires the consideration of the 
following 3 components: (a) structural strength, (b) loads, and (c) methods of 
reliability analysis. The methods for structural reliability analysis are usually classified 
into 4 types, namely level I, level II, level III and level IV. 
 
The level I method corresponds to the deterministic or partial safety factor 
method, using only one characteristic mean value for each variable. The level II 
method uses two values, i.e. mean and standard deviation. The reliability index 
method, e.g. the first-order second-moment method, is a typical example of the level II 
method. The level III method uses the joint probability density function to describe the 
characteristics of the random variables where either analytical approximations (e.g. 
first- or second-order reliability methods) or numerical simulations (e.g. Monte Carlo 
simulation) are applied. The level IV method compares the integrity and prospect of a 
structure with that of a reference structure through engineering economic analysis, 
considering the costs and benefits associated with construction, consequences of 
structural failure and maintenance/repair. This method is employed to establish the 
target reliabilities. 
 
The ship structural reliability analysis is usually undertaken at the level III 
method. Generally the instantaneous probability of failure Pf(T) can be calculated as 
follows: 
 









where f(X) = joint probability density function of the random variables X = x1, x2, …, 
xn associated with loading, material properties, geometric characteristics, etc. at 
time T as given by Eq. (6.3) 
 g(X) = nominal limit state function defined such that negative values imply 
           failure 
 
Since g(X) is usually a complicated non-linear function, it is not easy to perform the 
above integration directly as the analytical solution may not exist or it is too time-
consuming. Therefore, the equation is normally solved by the use of approximate 
procedures or numerical simulations. The First-Order Reliability Method (FORM) and 
Second-Order Reliability Method (SORM) are common approaches used to estimate 
the partial safety factors for a specified target reliability index and are described in 
greater details below.  
 
To avoid the invariance problem with the failure function, it was found that it is 
necessary to transform the basic variables into independent standard normal variables. 
The basic variable space is termed X-space while the space defined by the independent 
standard normal variables is termed the U-space. Numerically, Eq. (6.6) is typically 
solved in a transformed normal space rather than the original basic variable space, as 
shown in Figure 6.3. The right-hand illustration in Figure 6.3 shows the limit state 
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Figure 6.3: Transformation from stochastic basic variable X-space to standardized 
normal variable U-space 
 
The transformation is undertaken from the cumulative probability distribution, i.e. the 
identity: 
 
)()( xFu X=Φ       (6.7) 
or [ ])(1 uFx X Φ= −  
 
where )(uΦ = standard normal distribution function of u 





FORM involves estimating the failure probability by linearising the failure surface at 
the closest point to the origin in the U-space. This design point u*, also known as the 
point of maximum likelihood, determines the most probable failure condition. The 
distance in the U-space from the origin to u* is equal to the first-order reliability index 
given by: 
 
αβ ˆ* −=u      (6.8) 
 
where β = reliability index 
αˆ  = sensitivity coefficients of the basic variables 





∇=  if g∇  is a gradient vector of g concerning u* 
 
Thus, in the first-order approximation, the limit state surface is approximated by the 
tangent plane at the design point and the first order probability of failure is calculated 
by: 
( )β−Φ=fP      (6.9) 
 
where Φ  = standard normal distribution function 
 
The space outside of the tangent plane to the failure surface at u* is the failure set 





This approximation works well as long as the limit state surface has only one 
minimal distance point and when it is nearly flat in the neighborhood of the design 
point. When the performance function is non-linear or when any of the xi is non-
normal, the limit state surface will not be flat. A second-order approximation to Pf is 
necessary in order to fit the limit state surface for improved approximation. However, 
although the failure surface in the U-space is rarely planar, the curvature at u* is 
usually so small that FORM linearization is sufficient for most cases. 
 
Standard software is widely available to facilitate the rapid calculation of the 
probability of failure. The result of such a standard reliability calculation is a reliability 
index β which is related to Pf. Typical values of Pf and β are given in Table 6-1 below. 
 
Table 6-1: Typical values of probability of failure and reliability index 
Pf 10–1  10–2 10–3 10–4 10–5 10–6 10–7 10–8 10–9 
β 1.28 2.33 3.09 3.72 4.26 4.75 5.20 5.61 6.00 
 
6.4 Time-dependent reliability 
In the presence of degradation mechanisms such as corrosion, the stiffened 
panel’s ultimate strength Mu(T) is a decreasing function of time. Therefore, this leads 
to an increase in the probability of failure with time and can be characterized by the 








)( −==    (6.10) 
 
The product p(T)dT represents the probability of failure within the time interval T to T 




However, the successive yearly loadings and decreasing annual ultimate 
strength are dependent events and must be accounted for in reliability estimations. This 
can be accomplished by using time-dependent reliability estimates based on the 
conditional probability theory. Hence, another characteristic of reliability is the 






















Tλ   for discrete one year increments 
 
where p(T) = joint probability density function of failure (or the frequency of failure) 
Pf(T) = joint cumulative density function of failure (or probability of failure) 
 
The time-dependent reliability of a degrading ship structure may then be given by: 
 







exp dTTTPr    (6.12) 
 
The product λ(T)dT is the conditional probability of failure within the time interval T 
and T + dT given that there has not been a failure up to time T. The time-
dependent failure probability is then given by 
 
( ) ( )TPTP rTf −= 1    (6.13) 
 




It is important to note that PfT(T) is not equivalent to Pf(T) = P[Mu(T) < Mt(T)] , 
the latter being just an instantaneous failure at time T, without regard to the intended 
design life. As such, there is a close relationship between the time-dependent reliability 
and the longevity of the structure. A measure of longevity can either be the time from 
entering service till the structure cease to operate (i.e. the intended design life) or the 
total time of useful functioning (i.e. time to first failure). PfT(T) typically refers to the 
first occurrence of failure and subsequent failures after repair works have been done on 
the ship are not considered. This is because repair works are highly susceptible to 
variation in terms of quality and control, hence the reliability of a vessel after repair 
may not be treated as if at the time of new construction. Due to this lack of a common 
basis for comparison, the design period is usually made with reference to the time of 
construction only. The longevity of the structure is therefore a random magnitude τ. 
Since it is assumed that the operation is ceased after the first occurrence of failure, then 
the CDF of τ is: 
ττ == Tf TPTF )()(    (6.14) 
 










f === =τττ   (6.15) 
 
In other words, the PDF of longevity fτ(T) coincides with the frequency of failure at 
time T = τ. Then the mean value of longevity is: 
 
∫ ∫∞ ∞ −==
0 0




It is then necessary to consider the variance of the reliability with time over the 
whole operational lifetime. For example, consider two cases of changing reliability 










Figure 6.4: Change in the reliability function with time 
 
The curves A and B refer to two different structures operating in the same environment 
and with the same function. The initial reliability Pr (T = 0) and the reliability at the 
end of the operational lifetime Pr (T = T*) are the same. However, the mean value of 
the longevity will be different as follows from Eq. (6.16). The area below the Pr(T) 
curve gives an indication of the effectiveness of the structure’s reliability, i.e. the 
structure with reliability curve A will be more effective than the structure with 
reliability curve B. This conclusion is drawn assuming no improvements are made 
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CHAPTER 7: SAMPLE CALCULATIONS & RESULTS 
7.1 Problem definition 
A unit deck panel taken from an existing single hull tanker is used as 
demonstration example to illustrate the proposed reliability assessment approach 
involving the concept of level of confidence. The sequence of calculation can be 
broadly listed as follows: 
 
i. Determine the level of confidence and its associated reduced deck plate thickness as 
a result of corrosion at various vessel ages 
 
ii. Use non-linear FEM to calculate ultimate strength capacity of the deck panel at 
various levels of confidence for different vessel ages 
 
iii. Determine the change in loads with time at various levels of confidence 
 
iv. Using the limit state function, obtain the change in safety margin with time at 
various levels of confidence. Therefore, the cumulative distribution (or probability 
density) curves of the safety margin can be derived. Since failure is defined as 
structural capacity being equal or less than loading demand, then 
 
Probability of failure = P (safety margin ≤  0) 
 
It should be noted that it is not the intention of this study to obtain a target reliability 
index for this specific deck panel. 
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7.2 Candidate ship 
An actual corroded vessel is used to demonstrate the application of the 
proposed methodology. The general particulars of the candidate vessel are listed in 
Table 3-5 but are reproduced here in the table below. 
 
Table 7-1: Details of sampled ship 
Ship type Single hull tanker 
Class ABS 
Ship dimensions 232 × 42.6 × 21.8 m 
Longitudinal spacing 807 mm 
Transverse spacing 4480 mm 
Deadweight 106722 MT 
Draft 14.10 m 
Service years 17 years 
 
Figure 7.1 gives an illustration of a typical unit panel from the deck plate of the 










Figure 7.1 Geometric and nominal material properties of a unit stiffened deck panel at 





Base plate thickness 
= 15.5mm 
Stiffener web 
thickness = 11mm 
Stiffener flange 
thickness = 15mm 
Young’s modulus = 206000 N/mm2 
Poisson ratio = 0.3 
Yield stress = 315 N/mm2 
Sample Calculations & Results 
81 
 
7.3 Corrosion wastage affecting deck plate thickness 
7.3.1 Deck plate thickness statistics at time of construction (T = 0) 
It has been established in numerous studies that the as-built plate thickness 
follows Gaussian distribution. It will be easy to derive the thickness at any required 
percentile as long as its mean value and standard deviation are known. Ivanov (1979) 
proposed the following probabilistic properties of the as-built thickness.  
 
Table 7-2: Mean values and standard deviations for thickness of as-built steel plates 
Nominal thickness (mm) 10 11 12 13 14 15 15.5* 16 
Mean value (mm) 9.50 10.50 11.50 12.50 13.50 14.45 14.95 15.45 
Standard deviation (mm) 0.20 0.20 0.20 0.20 0.20 0.22 0.22 0.22 
    *obtained by interpolation 
 
As an example, Table 7-3 below shows the initial as-built plate thickness 
corresponding to 4 selected percentile values calculated using standard spreadsheet 
functions (such as Microsoft Excel’s NORMINV formula). 
 
Table 7-3: Initial plate thickness based on 4 selected percentile levels at T = 0 
(units = mm) 
Cumulative distribution 5 percentile 25 percentile 50 percentile 75 percentile
Level of confidence 
(= 100 – CDF) 95% 75% 50% 25% 
Base plate thickness 
(nominal = 15.5 mm) 14.59 14.80 14.95 15.10 
Stiffener web thickness 
(nominal = 11.0 mm) 10.17 10.37 10.50 10.63 
Stiffener flange thickness 
(nominal = 15.0 mm) 14.09 14.30 14.45 14.60 
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It can be observed that the level of confidence takes the form of Eq. (2.1a), i.e. LOC = 
100 – CDF (%). This is because assuming a smaller initial thickness will produce a 
more conservative design, hence giving a higher level of confidence. 
 
7.3.2 Deck plate corrosion statistics at time of gauging 
Thickness measurements of the deck base plate were collected as part of the 
candidate vessel’s routine inspection. Corrosion wear is obtained by subtracting the 
gauged measurements from the nominal as-built values. The results obtained reflect 
the amount of corrosion wastage at a vessel age of 17 years. Figure 7.2 shows a 
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Although there have been suggestions that corrosion wear follows normal, log-
normal or Weibull distribution, it is noted that no attempt is made to fit the above 
histogram to any standard probability density function. Statistical analysis is used 
instead to characterize the corrosion data. This is done using standard spreadsheet 
functions (such as Microsoft Excel’s data analysis tool: Rank and Percentile). Table 7-
4 shows the results of the statistical analysis that have been performed. 
 
Table 7-4: Base plate corrosion wastage (at T = 17 years) based on 4 selected  
percentile levels 
Cumulative distribution 25 percentile 50 percentile 75 percentile 95 percentile
Level of confidence (= CDF) 25% 50% 75% 95% 
Corrosion wear (mm) 0.6 1.3 2.1 4.4 
 
It is noted that the level of confidence in this case takes the form of Eq. (2.1b), i.e. 
LOC = CDF (%). This is because assuming a larger corrosion wastage will produce a 
more conservative design, hence a higher level of confidence. 
  
In this candidate vessel, thickness measurements are available only for the base 
plates of deck panels and not the stiffener webs and flanges. In order for the analysis to 
be more realistic, corrosion data from Wang et al. (2003b) are assumed to 
approximately account for corrosion wear in the stiffener web and flange. 
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Table 7-5: Corrosion data from Wang et al. (2003b) obtained for structural members at  
T = 20 (units = mm) 
Structure Tank *25 percentile 50 percentile 75 percentile 95 percentile 
Cargo 0.40 0.60 0.90 1.40 




Average 0.45 0.65 1.00 1.80 
Cargo 0.50 0.60 0.70 0.90 




Average 0.29 0.38 0.49 0.93 
      *obtained by curve-fitting 
 
7.3.3 Deck plate thickness statistics at any time T 
In order to determine the plate thickness at any vessel age other than T = 17 
years (for base plates in candidate ship) or T = 20 years (for stiffener webs and flanges 
from Wang et al., 2003b), we adopt the corrosion progress model described in Section 









Figure 7.3: Adopted corrosion progress model showing change in  
corrosion rate with time 
Corrosion rate (mm/yr) 
Ship’s age (T) 
T1 = 3 T2 = 5 0 
Phase I Phase II Phase III 
δ 
Sample Calculations & Results 
85 
 
In this model, we assume that the periods of Phase I and Phase II are deterministic and 
typically equal to 3 years and 2 years respectively. It should be noted that T1 and T2 
should also be treated as random variables, but this report does not attempt to explore 
this because of the lack of field data.  Hence the maximum corrosion rates for the 
various panel members may be obtained as shown in Table 7-6 and the results in Table 
7-7. 
 




(Eq. 7.1a, b, c, d) 
Stiffener web 
(Eq. 7.2a, b, c, d) 
Stiffener flange 
(Eq. 7.3a, b, c, d) 
25 
percentile ( ) ( ) 6.0172
1
212 =−+− δδ TTT ( ) ( ) 45.0202
1
212 =−+− δδ TTT  ( ) ( ) 29.0202
1
212 =−+− δδ TTT
50 
percentile ( ) ( ) 3.1172
1
212 =−+− δδ TTT  ( ) ( ) 65.0202
1
212 =−+− δδ TTT ( ) ( ) 38.0202
1
212 =−+− δδ TTT  
75 
percentile ( ) ( ) 1.2172
1
212 =−+− δδ TTT ( ) ( ) 00.1202
1
212 =−+− δδ TTT ( ) ( ) 49.0202
1
212 =−+− δδ TTT  
95 
percentile ( ) ( ) 4.4172
1
212 =−+− δδ TTT ( ) ( ) 80.1202
1
212 =−+− δδ TTT  ( ) ( ) 93.0202
1
212 =−+− δδ TTT  
 
where T1 = 3 years 
T2 = 5 years 
δ = maximum corrosion rate in Phase III (mm/year) 
 
Table 7-7: Maximum corrosion rates δ based on 4 selected percentile levels 
Maximum corrosion rates (mm/year) Cumulative 
distribution 
Level of confidence 
(= CDF) Base plate Stiffener web Stiffener flange 
25 percentile 25% 0.05 0.028 0.018 
50 percentile 50% 0.10 0.041 0.024 
75 percentile 75% 0.16 0.063 0.031 
95 percentile 95% 0.34 0.113 0.058 
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Applying Eq. (3.1), the various deck plate thicknesses have been derived using 
the initial plate thickness and maximum corrosion rate that are of the same level of 
confidence. This will result in the corroded plate thickness having the same level of 
confidence as its input parameters. 
 
Table 7-8: Plate thickness at 4 levels of confidence for various vessel age (units = mm) 
 
Time (years) Panel 
member 
Level of 
confidence As-built (0) 5 10 15 20 25 30 
25% 15.10 15.05 14.80 14.55 14.30 14.05 13.80 
50% 14.95 14.85 14.35 13.85 13.35 12.85 12.35 
75% 14.80 14.64 13.84 13.04 12.24 11.44 10.64 
Base 
plate 
95% 14.59 14.25 12.55 10.85 9.15 7.45 5.75 
25% 10.63 10.60 10.46 10.32 10.18 10.04 9.90 
50% 10.50 10.46 10.25 10.05 9.84 9.64 9.43 
75% 10.37 10.31 9.99 9.68 9.36 9.05 8.73 
Stiffener 
web 
95% 10.17 10.06 9.49 8.93 8.36 7.80 7.23 
25% 14.60 14.58 14.49 14.40 14.31 14.22 14.13 
50% 14.45 14.43 14.31 14.19 14.07 13.95 13.83 
75% 14.30 14.27 14.11 13.96 13.80 13.65 13.49 
Stiffener 
flange 
95% 14.09 14.03 13.74 13.45 13.16 12.87 12.58 
Sample Calculations & Results 
87 
 
7.4 Probabilistic time-varying ultimate strength 
Since reliable corrosion data is available for this candidate vessel, we are able 
to treat the deck plate thickness as a time-varying random variable. Other input 
parameters affecting ultimate strength, such as yield stress, Young’s modulus and 
initial imperfection, will be assumed deterministic with time due to insufficient time-
varying data at this moment. However, once the information is available, the same 
methodology using the concept of level of confidence can be applied to each 
parameter.  
 
Finite element analysis using ANSYS is performed repeatedly using each set of 
the plate thickness derived in Table 7-8 while keeping the rest of the input parameters 
constant at each vessel age. The resulting ultimate strength is shown in the table below 
and plotted in Figure 7.4. 
 
Table 7-9: Candidate ship’s ultimate stress capacity at 4 levels of confidence for  
different vessel age (units = N/mm2) 
Time (years) Level of confidence of 
ultimate stress As-built (0) 5 10 15 20 25 30 
25% 243.2 242.7 240.8 240.1 238.1 236.6 235.2 
50% 242.0 241.5 238.5 235.9 233.1 230.1 227.0 
75% 240.8 239.9 235.7 231.0 226.6 221.6 214.5 
95% 239.3 237.6 228.6 215.6 209.2 199.6 192.6 
Nominal Strength 246.9       


















Figure 7.4: Graph of deck plate ultimate stress capacity against vessel age for  
4 levels of confidence 
 
The following comments can be made from Figure 7.4: 
 
i. The ultimate stresses remained constant during T < 3 
This follows our assumption made in the corrosion progress model of Figure 
7.3 where corrosion is assumed to take place only after the 3rd year of construction. It 
can also be observed that there is a very small spread in the ultimate stresses during T 
< 3. This is because the standard deviation of initial plate thickness is small and large 
variation brought about by the effects of corrosion has not set in yet.  
T (years) 
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ii. There is a sudden drop in the ultimate stresses during the transition period 3 
< T < 5 
 The corrosion progress model assumed an abrupt increase in the corrosion rate 
during the transition period. However, what actually happens during the transition 
period is still virtually unknown. The assumption of a linear increase is for simplicity 
and convenience in calculations only. Therefore the change in ultimate stresses 
between T = 3 to T = 5 are represented as dashed lines and not solid lines. 
 
 iii. The spread in ultimate stresses increases with time for T > 5 
 This is logical since it is known that the standard deviation of corrosion wear 
increases with time. The physical meaning of the curves may be interpreted as such: 
the lower the ultimate stress capacity the designer assumes (at any point in time), the 
more certain he is that his assumed value will not be exceeded by what it really is in 
real life. Therefore, a balance must be sought between achieving a high certainty that 
the assumed capacity is within the actual vessel capacity and maximizing the true 
structural capacity of the vessel. 
 
Figure 7.5 illustrates how the concept of level of confidence can be useful in 
the prediction of ultimate stress capacity at any vessel age. 

















Figure 7.5: Graph of deck panel ultimate stress capacity against level of confidence 
of its input parameters 
 
i. The nominal ultimate stress of 246.9 N/mm2 at T = 0 corresponds to input 
parameters of approximately 0.01% level of confidence, or having a cumulative 
distribution of 0.99%. This means that the initial thicknesses are assumed to be very 
close to the maximum possible thickness out of the entire range of variation possible. 
As a result, the probability that the actual initial thickness in real life being smaller 
than the nominal values is very high. This may be allowed for as-built design possibly 
because geometric variation at T = 0 is negligibly small and so it makes good 
economic sense to maximize the structural capacity of the vessel at the expense of 
level of confidence. However, it is definitely not sensible to adopt the same practice 
Ultimate stress (N/mm2) 
Level of confidence of 
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for aged vessels although it is possible to find out from the curves what the ultimate 
stresses are for other vessel age at the same 0.01% level of confidence. Another 
possible explanation for the small level of confidence may be because the data in Table 
7-2 comes from naval vessels instead of merchant vessels. Naval vessels are more 
concerned with speed and maneuverability than merchant ships, and this can only be 
achieved by using thinner steel plates. 
 
ii. It is only reasonable to adopt a design with higher level of confidence with 
increasing vessel age. For the purpose of illustration, say the designer wants a design 
with 50% level of confidence at every vessel age. He can then raise a perpendicular at 
50% and draw horizontal lines from each crossing point to find out the desired ultimate 
stresses. 
 
7.5 Probabilistic time-varying loading demand 
For the candidate vessel, the design loads in both hogging and sagging bending 
moment conditions are given in the table below. 
 
Table 7-10: Design stillwater and wave-induced bending moments in candidate vessel 
Loads Sagging 
Stillwater bending moment, MS (Nm) –2.09 ×  109 
Wave-induced bending moment, MW (Nm) –3.85 ×  109 
Total (Nm) –5.94 ×  109 
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The peak coincidence method, Eq. (5.8), is used to sum both stillwater and wave-
induced bending moments. Load combination factors are not used in this case because 
there is still a lack in data on the uncertainties associated with the factors. However, 
once the uncertainties have been quantified in the future, the load combination factors 
can be determined at various levels of confidence and incorporated into the present 
methodology. For conservative design, the larger moment of the two conditions is 
considered, i.e. total sagging bending moment = 5.94 ×  109 Nm.  
 
The total bending moment is then converted to bending stress using the 
following modified Navier’s relation: 
 
SM
Mασ =      (7.4) 
 
where σ = stress 
 M = bending moment 
 SM = deck section modulus 
 α = factor to take into account the effects of reduced stiffness of buckled plates 
   = 1.08 (refer to Appendix A) 
 
Since the deck plates will buckle before the entire deck panel reaches its ultimate 
strength, the deck will first lose a portion of its stiffness. Therefore its actual section 
modulus at ultimate capacity is smaller than the calculated deck section modulus, 
which is a measure of the purely elastic bending capacity. As an approximation, this 
report uses the α factor to adjust the working stress at deck. Appendix A shows how 
the value of α is derived. 
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Wang et al. (2003c) presented the following decreases in deck section modulus 
over time. The data was compiled from 140 single hull tankers. Every small circle in 
















Figure 7.6: Loss of deck section modulus over time 
 
Table 7-11: Loss of deck section modulus with time (% as-built) 
  *Data obtained by extrapolation    
 
Time (years) Cumulative 
distribution 
Level of confidence 
(= CDF) 0–10 15 20 25 30 
25 percentile 25% 0* 1* 2* 4* 6* 
50 percentile 50% 0 1 3 5 7* 
75 percentile 75% 0 1 4 6 8* 
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The as-built nominal deck section modulus of the candidate ship was provided as 2.78 
×  107 mm2-m. Tables 7-12 and 7-13 show the corresponding changes in deck section 
modulus as well as the resulting bending stress demand respectively. 
 
Table 7-12: Candidate ship’s deck section modulus at 4 levels of confidence for  
different vessel age (units = mm2 - m) 
Time (years) Level of confidence of 
deck section modulus 0 – 10 15 20 25 30 
25% 2.78 x 107 2.75 x 107 2.72 x 107 2.67 x 107 2.61 x 107
50% 2.78 x 107 2.75 x 107 2.70 x 107 2.64 x 107 2.59 x 107
75% 2.78 x 107 2.75 x 107 2.67 x 107 2.61 x 107 2.56 x 107
95% 2.78 x 107 2.72 x 107 2.61 x 107 2.53 x 107 2.45 x 107
 
 
Table 7-13: Candidate ship’s bending stress demand at 4 levels of confidence for  
different vessel age (units = N/mm2) 
 
 
Figure 7.7 illustrates the total bending stresses on the same plot as the graphs for 
ultimate stresses. 
Design life (years) Level of confidence of 
total bending stress 0 5 10 15 20 25 30 
25% 230.6 230.6 230.6 233.1 235.7 240.1 245.6 
50% 230.6 230.6 230.6 233.1 237.4 242.8 247.5 
75% 230.6 230.6 230.6 233.1 240.1 245.6 250.4 
95% 230.6 230.6 230.6 235.7 245.6 253.4 261.6 
























Figure 7.7: Graph of time-varying deck plate stress capacity and demand 
 
7.6 Reliability analysis 
Referring to Figure 7.7 above, the safety margin between the ultimate stress 
capacity and the bending stress due to loadings can be observed as the vertical 
difference between the solid lines and the dashed lines. For e.g., the difference between 
the two orange lines refer to the safety margin derived at 95% level of confidence 
(where the orange solid line = ultimate stress at 95% LOC and the orange dashed line 
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i. Safety margin decreases with increase in vessel age until the point when 
ultimate stress becomes less than the bending stress, after which failure is said to have 
occurred. The region of negative safety margin carries no physical meaning. It merely 
indicates that failure has already occurred.  
 
ii. The actual point of interest is the time of incipient failure. This prediction 
can be done at various levels of confidence. It may be observed that failure may start 
as early as 10 years into operation (predicted at 95% LOC) to over 20 years into 
operation (predicted at 25% LOC). As can be seen, the time of failure varies 
significantly with the level of conservativeness. 
 
iii. At any point in time, safety margin decreases with increasing level of 
confidence. This is intuitive as a higher level of confidence always results in a more 
conservative prediction. 
 
The following table and figure of safety margin values (with respect to the 
yield stress of 315 N/mm2) can be derived from the graph in Figure 7.7. 
 
Table 7-14: Change in cumulative distribution of safety margin (as a % of yield stress) 
with time 





(= 100% – LOC) 0 5 10 15 20 25 30 
25% 0.75 4.00 3.84 3.24 2.22 0.76 -1.11 -3.30 
50% 0.50 3.62 3.46 2.51 0.89 -1.37 -4.03 -6.51 
75% 0.25 3.24 2.95 1.62 -0.67 -4.29 -7.62 -11.40
95% 0.05 2.76 2.22 -0.63 -6.38 -11.56 -17.08 -21.90
*The shaded cells represent failures of deck plating 












Figure 7.8: Graph of change in safety margin with time for 4 levels of confidence 
 
Probability density functions of the safety margin, as shown in Figure 7.9, can be 
obtained by differentiation (using first principle) of the cumulative distribution curves 
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The probability of failure at each vessel age is represented by the area under the PDF 
curve in the region of safety margin < 0. Three observations can be made from Figure 
7.9 above: 
 
 i. The PDF curves appear to resemble Gaussian distribution. However, extra 
caution is required to judge its probability distribution at this point in time because the 
PDF curves are derived from their CDF curves which in turn are plotted from only 4 
LOC points, i.e. 25%, 50%, 75% and 95%. More LOC points are required to fully 
define the shape of the CDF curves (and hence the PDF curves). 
 
 ii. The mean of the safety margins (assuming at this stage that the PDF’s 
resemble Gaussian distribution) decreases with time from approximately 12 N/mm2 at 
T = 0 years to 0 N/mm2 at T = 20 years. 
 
 iii. The standard deviation of the safety margins increases with time. This is 
logical because accuracy is lost when predicting farther into the future. 
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The following conclusions for this section may be drawn: 
 
i. If experiencing severe corrosion (95% LOC), the vessel may see deck failure 
after 10 years in operation. 
 
ii. If experiencing moderate corrosion (50% LOC), the vessel may see deck 
failure after 17 years in operation. 
 
iii. If experiencing slight corrosion (25% LOC), the vessel may see deck failure 
after 23 years in operation. 
 
7.7 Effect of coating on vessel reliability 
It has been shown in Section 3.6 that the effectiveness of coating protection can 
be determined by its coating longevity (Phase I) and/or its period of Phase II corrosion 
wear. Up till the previous section, all strength and reliability calculations of the 
candidate vessel were done assuming Phase I = 3 years and Phase II = 2 years, which 
are rather conservative estimates for most coatings. This section investigates the 
corrosion-resistance effect of a coating on the reliability of old vessels. 
 
The results of Figure 3.7 were originally derived from bulk carriers. On its Y-
axis, the probability P (SMdeck>SMreq, T) is assumed to represent reliability since it is 
consistent with our definition that reliability is the probability that capacity exceeds 
demand. Figure 7.10 was constructed based on the findings of Figure 3.7. As the 
results in Figure 3.7 are given only for the design life of T = 20 years and T = 25 years, 
only a design life in this range is shown in Figure 7.10 below. 












Figure 7.10: Categories of coating effectiveness and its probability of failure 
 
The effectiveness of coating protection is classified into 3 categories: good, 
intermediate and minimal. A coating may be effective in resisting corrosion either by 
having a long coating longevity (Phase I) or a long Phase II period. Hence there are 2 
graphs in each category. The usual conservative estimate of Phase I = 3 years, Phase II 
= 2 years is termed ‘typical coating effectiveness’. 
 
However, Figure 7.10 is vessel-specific and cannot be applied directly to any 
other vessels. So the relative change in failure probability due to coating effectiveness 
is to be determined. The basis of comparison is taken from the commonly-used ‘typical 
coating effectiveness’. The assumption here is that this relative change in failure 
probability is mainly dependent on the coating type and not the vessel type and 
therefore can be applied on a different vessel as long as the coating used is the same. 
Table 7-15 shows the relative change in probability of failure with respect to the 
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Phase I = 0 yrs, Phase II = 2 yrs
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Table 7-15: Relative change in failure probability with respect to the category of  
coating effectiveness 
Coating effectiveness Good Intermediate Typical Minimal 
Approximate time before maximum 
corrosion rate sets in (= Phase I + Phase II) 
10 – 13 
years 6 – 9 years ~ 5 years 
0 – 3 
years 
Change in failure probability relative to that 
at ‘typical coating effectiveness’ – 94% – 60% 0% + 58% 
 
In other words, when operating a vessel at any desired level of confidence, its 
lifespan is effectively extended by at least 10 years when a good coating is applied at 
the time of construction compared to when minimal or no coating is used. This result 
reinforces the importance of corrosion-protection in vessels. 
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CHAPTER 8: CONCLUSIONS & RECOMMENDATIONS 
8.1 Conclusion 
Figure 1.2 is reproduced here so as to serve as a reminder to the approach this 

















Figure 1.2 (reproduced): Time-dependent reliability flowchart  
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The concept of level of confidence proposed by Ivanov (2003) has been 
demonstrated. The major assumption in this concept is that when all input parameters 
have the same level of confidence, its result takes on the same level of confidence as 
its input parameters. This assumption is valid for linear dependencies but the method 
can still be used as a first approximation in cases of nonlinear dependencies. 
 
Finite element analysis is used to perform strength calculation on a unit panel 
taken from a sample vessel. The uncertainties in plate thickness due to corrosion 
effects and initial imperfections are characterized in terms of levels of confidence, 
which can be based either on the analytical equation of cumulative distribution 
function, if it exists, or statistical analysis of measured data. 
 
The same idea has been extended to quantify the uncertainties in bending stress 
due to stillwater loads and wave-induced loads. A level of confidence can thus be 
associated with the difference between the ultimate stress capacity (derived using finite 
element analysis) and the total bending stress. Therefore, using the definition of limit 
state function, the change in reliability of a vessel with time can be obtained. 
 
 It has been found that there is generally good agreement in the reliability results 
obtained using the method of level of confidence with the results derived using the 
FORM method, especially within the first 10 years of vessel operation. The reliability 
index derived using the LOC method appeared to produce less conservative results 
during early years but more conservative results at later times. In addition, its point of 
incipient occurs at a time which is rather close to the typical design life of most 
vessels. 
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The importance of a good coating protection against corrosion has been 
reinforced in this study. Results show that when operating a vessel at any desired level 
of confidence, its lifespan is effectively extended by at least 10 years when a good 
coating is applied at the time of construction compared to when minimal or no coating 
is used. 
 
The proposed methodology has the following advantages: 
 
i. The concept does not require knowledge of the probability density functions 
(and consequently, of the cumulative distribution functions) of the input parameters 
and the result. It is sufficient only to perform numerical analysis using a sufficiently 
large data set of input parameters at several characteristic values (e.g. percentiles). 
These percentiles are sufficient to give qualitative indications of the reliability of a 
vessel. This is advantageous especially since many variables in ship design do not have 
known or well-established analytical equations for their probability density functions.  
 
ii. The method of modeling in FEA with different levels of confidence allows 
for obtaining more realistic strength analysis of old vessels, especially its local strength 
in the hull structure. Thus, the predominantly empirical Renewal Criteria of 
Classification Societies will be enhanced (and possibly changed) with results obtained 
using such powerful tool as the FEM.  The technological gap between the strength 
calculations for new design and old vessel will be significantly reduced. 
 
Conclusions & Recommendations 
105 
 
iii. The overall proposed procedure is quick and easy to use, without 
compromising its accuracy significantly. Thus, the use of more complicated and time 
consuming methods such as Monte Carlo simulation, Taylor series expansion, etc. can 
be avoided.  
 
8.2 Recommendations for future study 
The concept of level of confidence has been demonstrated using the calculation 
of ultimate stress as an example. In order to conduct a comprehensive study of the 
reliability of an aged vessel, the designer may have to take into account various failure 
modes, such as buckling, fatigue, fracture, etc., so as to determine the most critical 
mode. It is possible to adopt the proposed procedure in accounting for the uncertainties 
associated with the other failure modes. 
 
With our current level of knowledge, there is still insufficient information on 
the change in uncertainties of many other variables with time (e.g. material properties, 
loading, etc). This may limit the true effectiveness of the proposed methodology since 
we can only assume such variables to be deterministic in our time-dependent analysis. 
However, when such information is available in the future, it can be easily 
incorporated into the method and thus their time-dependent effects accurately 
accounted for. It is hoped that the proposed procedure can provide a systematic and 
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APPENDIX A: ESTIMATION OF α FACTOR USED TO 
ADJUST THE DECK WORKING STRESS 
 





bwL  , β > 1.25 












bwL = effective width (mm) 
 s = longitudinal spacing (mm) 
 fy = yield stress (N/mm2) 
 E = Young’s Modulus (N/mm2) 
 tn = deck plate thickness (mm) 
 



























       2036.2
25.1
036.2
25.2 −=  = 0.80 
 
There is therefore a 20% reduction in plate width at ultimate strength. Based on an 
ABS internal study (RD 2003-06), a 10% loss of deck plate sectional area will result in 
about 4% loss in hull girder section modulus to the deck for oil tankers.  Therefore, 
this vessel’s hull girder strength reduces by 20% x 0.4 = 8%.  The α factor is then 1.08 
 
 
 
